The nonobese diabetic (NOD) mouse is a valuable model for human type 1 diabetes and the development of humanized mice. Although the importance of this mouse strain is widely recognized, its usefulness is constrained by the absence of NOD embryonic stem (ES) lines with adequate germline transmission competence. In the present study, we established two germline transmission-competent types of cell lines from NOD mice; these cell lines, male germline stem (GS) cells and ES cells, were derived from NOD spermatogonia and blastocysts, respectively. NOD-GS cells proliferated in vitro and differentiated into mature sperm after transplantation into testis. NOD-ES cell lines were effectively established from NOD blastocysts using culture medium containing inhibitors for fibroblast growth receptor, MEK, and GSK3. Both the NOD-GS and NOD-ES cell lines transmitted their haplotypes to progeny, revealing a novel strategy for gene modification in a pure NOD genetic background. Our results also suggest that the establishment of GS cells is an effective procedure in nonpermissive mouse strains or other species for ES cell derivation.
INTRODUCTION
The nonobese diabetic (NOD) mouse strain was established in 1980 as a mouse strain exhibiting an insulin-dependent diabetes mellitus phenotype from an ICR mouse colony [1] . Genetic linkage analysis has revealed that the NOD mouse phenotype is caused by complex genetic abnormalities; to date, 20 insulin-dependent diabetes (Idd) loci have been identified, some of which are actually resistance loci in NOD [2] . Identification of the genes responsible for type 1 diabetes susceptibility in the NOD mouse is essential for understanding the pathogenic mechanisms of diabetes, providing markers for preclinical detection of the disease process, and identifying specific targets for therapeutic intervention [2] . In addition, the NOD mouse is now a key strain in the development of humanized mice, which are valuable animal models for human biomedical research on hematopoiesis, the immune system, autoimmunity, infectious disease, cancer, and regenerative medicine [3] . The ability to optimize humanized mice through genetic manipulation should promote and facilitate biomedical research [3] .
Although the NOD strain is valuable experimentally, establishing embryonic stem (ES) cells from NOD mice is extremely difficult [4] . To date, only one study [5] of an NOD-ES cell line, which was achieved using the standard ES cellestablishing medium with leukemia inhibitory factor (LIF), has demonstrated germline competence; however, the frequency of germline transmission was too low to enable its use in gene targeting. To this end, the current strategy for genetic manipulation in NOD mice involves homologous recombination in conventional or NOD129F1 ES cell lines and backcrossing the resulting mouse line onto the NOD strain to establish a NOD congenic mouse strain [4] ; this is a very timeconsuming strategy. If genetic modification was possible in a pure NOD background, it would allow multiple manipulations of the genes in the NOD mouse without time-consuming backcrossing and provide an extremely useful tool for the studies in a wide array of research fields.
Recent progress in the field of male germline stem (GS) cells has demonstrated that spermatogonial stem cells continuously propagate in vitro in the presence of glial cell line neurotrophic factor and differentiate into mature sperm after transplantation into the seminiferous tubules of recipient mice [6] . Furthermore, Kanatsu-Shinohara et al. demonstrated that gene modification based on transgenesis [7] or homologous recombination [8] can occur in GS cells with an efficiency and utility similar to those of ES cells. Therefore, we surmised that GS cells might be an experimental alternative to ES cells and might be applicable in the case of NOD mice; however, whether GS cells could be established in a strain so recalcitrant to ES cell derivation was unknown.
Although the derivation of ES cell lines from NOD mice is considered difficult [4] , evidence from recent studies has suggested that a chemical approach might be effective in establishing ES cell lines from nonpermissive species or strains. For example, Buehr et al. [9] demonstrated that the derivation of rat ES cells, which had not been achieved using the culture conditions used for mouse ES cells, was possible utilizing chemically defined conditions. More recently, findings from two studies [10, 11] suggested that the derivation of a NOD-ES cell line itself was possible using this chemical approach. However, the NOD-ES cell lines thus established differed behaviorally from standard ES cell lines, exhibiting undesirable or unusual characteristics such as germline incompetence [10] or ''metastability'' of the pluripotent state [11] . Therefore, further investigation and confirmation would be needed to achieve the stable production of genetically modified NOD mice, although one study [12] recently succeeded in producing transgenic NOD mice via NOD-ES cells.
In this study, we examined whether GS and ES cells can be established from the NOD mouse strain, a nonpermissive strain for ES cell derivation. Furthermore, the possibility of genetic modification in a pure NOD genetic background was assessed using the NOD-GS cell lines.
MATERIALS AND METHODS

Mice
NOD/ShiJcl mice were purchased from CLEA (Tokyo, Japan). BALB/c nude, BDF1, C57BL/6, and ICR mice were purchased from SLC (Hamamatsu, Japan). C57BL/6-GFP [green fluorescent protein] transgenic mice (TgN[acro/ act-EGFP]OsbC3-N01-FJ002) [13, 14] were kindly provided by Dr. Masaru Okabe (Osaka University). All animal experiments conformed to the Guide for the Care and Use of Laboratory Animals and were approved by the Institutional Committee of Laboratory Animal Experimentation of the RIKEN Kobe Institute.
Establishment of GS Cells from NOD Mice
GS cell lines were established as previously described [6] , with minor modifications. Briefly, infant (7 day old) male NOD mice were killed by cervical dislocation, and the testes were removed and decapsulated in PBS. A testicular cell suspension was obtained using a two-step enzymatic treatment of 1 mg/ml of collagenase (type IV; Sigma, St. Louis, MO) for 10 min, followed by 0.25% trypsin/1 mM edetic acid digestion (Invitrogen, Carlsbad, CA). The dissociated testicular cells were allocated in 12-well gelatin-coated tissue culture plates (one well per mouse) and incubated overnight. To remove the testicular somatic cells, floating cells were passaged to new wells after vigorous pipetting. This procedure was repeated two or three times, and the enriched germ cells were cultured on mitomycin C-treated mouse embryonic fibroblast cells (MEF). The culture medium for the testis cells was StemPro-34 SFM (Invitrogen) supplemented with the following: StemPro supplement (Invitrogen), 1% fetal bovine serum (FBS) (Sigma), insulin-transferrin-selenium A (1:100 dilution; Invitrogen), 30 lg/ml of pyruvic acid, 5 mg/ml of AlbuMAX I (Invitrogen), 2 mM L-glutamine (Millipore, Billerica, MA), 5 3 10 À5 M 2-mercaptoethanol (Millipore), minimal essential medium vitamin solution (Invitrogen), nonessential amino acid (Invitrogen), nucleosides (Invitrogen), 20 ng/ml of mouse epidermal growth factor (Becton Dickinson, Bedford, MA), 10 ng/ml of human basic fibroblast growth factor (PeproTech, Rocky Hill, NJ), 10 3 U/ml of ESGRO (murine LIF; Invitrogen), and 20 ng/ml of recombinant rat glial cell line-derived neurotrophic factor (R&D Systems, Minneapolis, MN). The cells were maintained at 378C in an atmosphere of 5% CO 2 in air.
Establishment of ES Cells from NOD Mice
ES cells were established from NOD mice according to a standard procedure using medium containing a three-inhibitor cocktail (hereafter designated as 3i) [9] . NOD preimplantation embryos were prepared from mated females (6 wk old) that had been induced to superovulate by an injection of 5 IU of equine chorionic gonadotropin (eCG), followed by a second injection of 5 IU of human chorionic gonadotropin (hCG) 48 h later. Embryos at the twocell stage were collected from the oviducts at 0.5 days postcoitum (dpc) and cultured for 2 days to give rise to morula/blastocyst-stage embryos. These embryos were allocated into 96-well culture plates coated with mitomycin Ctreated MEF in culture medium containing 3i (iSTEM, SCS-SF-ES-01; Stem Cell Sciences, Edinburgh, Scotland) supplemented with 10 3 U/ml of ESGRO. When cell outgrowth was observed (approximately 7-10 days after cultivation), they were passaged to establish ES cell lines.
Immunofluorescence
GS or ES cell markers on the established cell lines were examined using immunofluorescence with the following antibodies: germ cell-specific TRA98 rat monoclonal antibody (a kind gift from Dr. Yoshitake Nishimune), rabbit anti-mouse vasa homolog (MVH) (abcam, Cambridge, England), anti-POU5F1 (C-10; Santa Cruz Biotechnology, Inc., Santa Cruz, CA), and anti-Nanog (ReproCELL, Tokyo, Japan). Briefly, cells were fixed with 4% paraformaldehyde, washed with PBS, blocked with 5% goat serum, and incubated with primary antibodies at appropriate dilution (1:1000 for TRA98 and 1:200 for MVH, POU5F1, and Nanog antibodies) for 1 h. They were then visualized using secondary antibodies conjugated with Alexa Fluor 488 or 568 (Invitrogen).
Bisulfite DNA Methylation Analysis
Genomic DNA was isolated from both cultured GS cells and mouse tail cells using a Qiagen column (Qiagen, Study City, CA). The purified genomic DNA was then treated with a sodium bisulfite solution as described previously [15] to convert all of the nonmethylated cytosine to uracil. The sodium bisulfite-treated DNA was amplified using the specific primers indicated in Supplemental Table S1 (available at www.biolreprod.org). Analysis and schematic presentation of the imprinting pattern were performed using the Web-based quantification tool for methylation analysis QUMA [16] .
Karyotypic Analysis
The karyotypes of the established NOD-ES cell lines were examined by phase-contrast microscopy. More than 50 metaphase nuclei were examined for each cell line at early (5-8) and late (.20) passages.
Transduction of a GFP Transgene into GS Cells Using a Lentiviral Vector
HIV-1-based self-inactivating lentiviral vector plasmid pLV-EGFP was constructed by replacing the PGK promoter with the CAG promoter fragment in pRRLsin-hPGK-EGFP [17, 18] . VSV-G-pseudotyped lentiviral vectors were generated as described previously [18] . Briefly, 293T cells were transfected with the pLV plasmid, packaging plasmids, and VSV-G-expressing plasmid by the calcium phosphate method. Lentiviral vectors were harvested 2 and 3 days after transfection and were then concentrated 1000 times by ultracentrifugation (50 000 3 g for 2 h two times). After resuspension with Hanks balanced salt solution buffer, lentiviral vector concentration was determined by measuring p24 gag antigen by ELISA (Retrotek; ZeptoMetrix, Buffalo, NY).
For lentiviral vector transduction, a single-cell suspension of GS cells (1-3 3 10 6 cells) was mixed with the lentiviral vector in a volume of 100 ll for 6 h (final concentration, 10 8 U, which was determined by the 293T cell line). After washing with culture medium for GS cells, transduced GS cells were cultured on MEF using GS cell medium.
Transplantation of GS Cells into the Recipient Testis
Spermatogenesis from established GS cells was induced by injection of the cells into the seminiferous tubules of recipient mice. The BALB/c nude mice treated with busulfan (40 mg/kg, i.p.) were used as recipient mice. To decrease mortality, bone marrow prepared from BALB/c nude mice was transplanted into busulfan-treated BALB/c nude mice 4-5 days after the treatment. The injection of GS cells into the seminiferous tubules was performed as previously described [14, 19] . Approximately 10 5 GS cells were transplanted for one testis, which were analyzed 8-10 wk after the transplantation.
Histological Analysis
For immunofluorescence studies, frozen testicular cross-sections (10 lm thick) were prepared using a cryostat. For observations of GFP fluorescence, testicular cross-sections (7 lm thick) were prepared using a methacrylate-based histological embedding medium (Technovit 8100; Kulzer, Wehrheim, Germany) according to the manufacturer's instructions.
Microinsemination
To assess the functionality of sperm differentiated from our newly established NOD-GS cells, intracytoplasmic sperm injection or round spermatids injection was undertaken to obtain the NOD progeny. Six-week-old NOD females were induced to superovulate by injecting 5 IU of eCG, followed by a second injection of 5 IU of hCG 48 h later. Fourteen hours after hCG injection, cumulus-oocyte complexes were collected from the oviducts. Oocytes were freed from the cumulus cells by adding 0.1% bovine testicular hyaluronidase (ICN Biochemicals, Costa Mesa, CA). After the cumulus cells had dissociated from the oocytes, the oocytes were rinsed twice with CZB medium.
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Sperm or round spermatids differentiated from NOD-GS cells were prepared from recipient testes 8-10 wk after transplantation. Seminiferous tubule fragments with donor-derived spermatogenesis were identified by GFP fluorescence as described previously [20] and were selected for collection. The collected sperm or round spermatids were injected into the NOD oocytes using a piezo-actuated micromanipulator according to a previously described method [21] . The resulting two-cell-stage embryos were transferred into the oviducts of 0.5-dpc ICR pseudopregnant females.
Generation of Diploid or Tetraploid Chimeric Mice Using NOD-ES Cell Lines
To evaluate the functionality of our newly established NOD-ES cell lines, the cell lines were aggregated with or injected into diploid (2n) or tetraploid (4n) preimplantation embryos. To generate 2n chimeric mice, the NOD-ES cells were injected into preimplantation C57BL/6 embryos at developmental stages ranging from Embryonic Day (E) 2.5 (four to eight cell) to E4.5 (blastocyst). Chimerism was judged by coat color, and the contribution of the NOD-ES cells was categorized as zero (0%), low (,20%), medium (30%-70%), or high (.80%).
To generate 4n chimeric mice, two-cell-stage embryos were prepared from BDF1 females mated with C57BL/6-GFP transgenic mice at 1.5 dpc, fused by electrofusion, and used as host embryos in standard [22, 23] or previously described [24] procedures. Briefly, NOD-ES cells were aggregated with 3 3 4n embryos [24] or injected into 4n blastocysts [23] to give rise to NODES$4n embryos. The reconstructed embryos were transferred into the uteri of pseudopregnant females at 2.5 dpc and were analyzed at 18.5 dpc. The contribution of host 4n embryos, as indicated by GFP signals, was assessed by fluorescence microscopy or by flow cytometry (FACSAria; BD, Franklin Lakes, NJ) of brain and testis cells.
Genotyping Analysis
The genotypes of the generated progeny or established GS cells were determined using microsatellite markers previously determined by linkage analysis to be closely associated with the NOD phenotype [25] . Of these markers, we selected five that distinguish the NOD genotype from the BALB/c and C57BL/6 genotypes. The genomic DNA from both cultured GS cells and mouse tail cells was isolated using a Qiagen column, and the purified genomic DNA was amplified using specific primers (Supplemental Table S1 ). The amplified products were separated on a 15% polyacrylamide gel.
RESULTS
Establishment of GS and ES Cells from NOD Mouse Strain
Before culturing NOD spermatogonial stem cells to establish GS cells, we performed a rudimentary examination of the infant and adult NOD testes for the presence of abnormal phenotype. A histological analysis revealed no apparent spermatogenic failures (such as an increasing of apoptotic cells or the Sertoli cell-only syndrome) in either the infant or adult NOD testes (Supplemental Fig. S1, A and B ). In addition, immunofluorescence studies using a germ cell-specific antibody (TRA98) (Supplemental Fig. S1 , C and D) and an anti-MVH antibody (data not shown) indicated that infant NOD testes contained spermatogonial cells, the numbers of which were not noticeably decreased. Thus, we found no apparent histopathological or immunohistological phenotypic abnormalities in the NOD testes.
Testicular cell suspensions from infant (7 day old) NOD mice were cultured on mitomycin C-treated MEF using GS cell-establishing media. Ten days after cultivation, characteristic colonies appeared that were distinct in appearance from ES cell colonies or MEF (Supplemental Fig. S1 , E and F), suggesting an initial proliferation of the NOD spermatogonial stem cells in culture. After approximately 8-10 wk of cultivation, 12 independent cell lines morphologically resembling standard GS cells were successfully established from all 12 infant males used (Fig. 1A) . Notably, these newly established GS-like cell lines exhibited no apparent growth abnormalities; they were established from the NOD mice in a time frame similar to that previously reported [6] . All of the established cell lines were positive for germ cell markers (Fig.  1, B and C) , suggesting that they were indeed GS cells.
Because GS cells have a characteristic imprint status phenotype, the newly established GS cell lines derived from the spematogenic lineage were expected to have a paternal 
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imprinting status. A bisulfite sequencing analysis revealed hypermethylation of the paternally imprinted H19 differentially methylated region (DMR) and hypomethylation of the maternally imprinted Igf2r DMR in all cell lines examined (Fig. 1D) , demonstrating the paternal imprinting status of the established cell lines. These results indicated that GS cell lines with in vitro phenotypes resembling those of standard GS cells were established efficiently even from NOD mice, which are nonpermissive for ES cell derivation.
We next examined the possibility of establishing ES cells from NOD mice using a chemical approach. To this end, we cultured 39 NOD blastocysts in medium containing 3i (fibroblast growth factor receptor, MEK, and GSK3 inhibitors), which is known to induce rat ES cell derivation [9] . The observed rate of inner cell mass outgrowth was much higher (95%) than that observed in conventional ES cell-establishing media (Fig. 1E) . As a result, 32 cell lines morphologically resembling ES cells were established (Fig. 1, E and F) .
In a previous study [10] , the chimerism of NOD-ES cells was low; therefore, we assessed the NOD-ES chimerism of 23 of our newly established ES cell lines (Supplemental Table S2 ). Although the birth and chimerism rates of the NOD-ES cell lines varied, some of the cell lines made high-level contributions in chimeric mice. Notably, the chimerism was more pronounced when the host embryos were E3.5 blastocyst rather than four-to eight-cell embryos (Supplemental Table S2 ), which were previously reported to be efficient hosts [26] . Based on their chimerism contribution, we selected six NOD-ES cell lines (NODES2, NODES3, NODES4, NODES10, NODES11, and NODES12) for further analysis. These six NOD-ES cell lines exhibited authentic ES cell markers, including POU5F1, Nanog, and alkaline phosphatase (Fig. 1, G-I ). We were unable to induce embryoid body formation from these six NOD-ES cell lines (n ¼ 3) using the conventional procedure of a floating culture with Dulbecco modified Eagle medium containing 10% FBS. This result suggests that NOD-ES cells differed functionally from standard ES cells, although we do not have a clear explanation for this phenomenon. Thus, we found that 3i supplementation was effective in establishing NOD-ES cell lines with the ability to contribute to somatic cells, but the in vitro response of these cell lines seems to be different from that of standard ES cells.
Induction of Spermatogenesis from NOD-GS Cell Lines
We performed a functional analysis of our newly established NOD-GS and NOD-ES cell lines to determine whether they can transmit their haplotypes to progeny. First, the functionality of the NOD-GS cells was assessed by transplantation experiments. Simultaneously, we examined the possibility of lentiviral vector-mediated gene modification of NOD-GS cells. Three NOD-GS cell lines (NODGS1, NODGS2, and NODGS3) were transduced with a GFP transgene (CAG-GFP) using a lentiviral vector. As shown in Figure 2 , A and B, the GFP gene was effectively transduced in NOD-GS cells (approximately 60%-80%), indicating that genetic modification of the NOD-GS cells was possible. We then transplanted each GFP-transduced NOD-GS cell line into 10 recipient testes (1 3 10 5 cells/testis) and assessed its ability to differentiate after gene modification. All of the transplanted testes were colonized with GFP-positive cells within 8-10 wk of transplantation (Fig. 2, C and D) . Histological analysis revealed that donor cell-derived spermatogenesis occurred in all recipient testes (Fig. 2, E and F) . These results indicated that the established NOD-GS cells had the ability to differentiate into mature sperm even after gene modification by a lentiviral vector.
To obtain progeny from sperm differentiated from GFPexpressing NOD-GS cells, we used microinsemination. Testicular sperm or round spermatids were collected from seminiferous tubular fragments exhibiting green fluorescence (Fig. 2, G and H) and were injected into NOD oocytes to obtain GFP transgenic NOD mice. No apparent abnormalities were found in the sperm (Fig. 2I) , round spermatids (data not shown), or resulting two-cell-stage embryos (Fig. 2J) . Furthermore, normal progeny exhibiting green fluorescence were delivered after embryo transfer, indicating transmission of the haplotype with the GFP transgene from the NOD-GS cells (Table 1 and Fig. 2, K and L) . Genotype analysis of the progeny confirmed a pure NOD genetic background (Fig. 3) , clearly demonstrating that genetic modification of the NOD strain and haplotype transmission are possible with NOD-GS cell lines.
In Vitro and In Vivo Assessment of NOD-ES Cells
A previous study [10] described problems of low chimerism or germline incompetence in NOD-ES cell lines established by a chemical approach and suggested that NOD-ES cell lines established by such a method are karyotypically unstable. To address this issue, we examined the karyotypes of our newly established NOD-ES cell lines at early and late passages. For this experiment, we used six NOD-ES cell lines already described that we had found to contribute efficiently to the chimeras. In early passages (5) (6) (7) (8) , all of the cell lines had normal karyotypes (Fig. 4A) . Similarly, late passage (.20) cells also had normal karyotypes (Fig. 4B) , suggesting that these NOD-ES cell lines are karyotypically stable even after long-term cultivation.
Finally, we examined the NOD-ES cell lines for pluripotency, including germline transmission competence and generation of progeny using a tetraploid embryo complementation assay. Although the chimerism of NOD-ES cells varied among individuals and cell lines, some chimeras showed a high level of contribution of NOD-ES cells (Fig. 4C , Supplemental Table S2 , and Supplemental Fig. S2, A and C) . We selected male chimeras with a high ES cell contribution ( Fig. 4C and Supplemental Fig. S2 , A and C) and assessed germline transmission of the NOD-ES cells using microinsemination. Sperm or round spermatids were collected from the male chimeras and were injected into NOD or ICR oocytes. Because C57BL/6 embryos were the original hosts for chimera production, germline transmission of NOD-ES cells would be confirmed by the delivery of albino mice after microinsemination. Indeed, albino progeny were produced from male gametes independently collected from three male chimeras generated with different NOD-ES cell lines (Fig. 4D, Table 2 , and Supplemental Fig. S2, B and D) . Genotype analysis confirmed that the progeny from microinsemination of NOD oocytes had a pure NOD genetic background; no C57BL/6 genotypes were presented (Supplemental Fig. S3 ). These results demonstrated that the newly established NOD-ES cell lines contributed germ cells and transmitted their NOD-ES haplotype to progeny.
In addition to confirming germline competence, we successfully generated progeny from tetraploid embryo complementation using two NOD-ES cell lines (Fig. 4E and Table 2 ). Green fluorescence derived from the host 4n embryos was only observed in the placenta (Fig. 4E) , indicating a minimal contribution of the host 4n embryos to the progeny. Flow cytometric (Fig. 4F) and genotypic (Fig. 4G) analyses revealed that almost all of the cells comprising the progeny were derived from NOD-ES cells. Thus, the newly established NOD-ES cell lines exhibited high pluripotency capable of giving rise to all cell lineages, including germ cells.
DISCUSSION
Since the establishment of the NOD mouse strain more than 25 years ago [1] , the NOD mouse has been of great value for research in the broad fields of type 1 diabetes [2] and the development of humanized mice [3] . However, the lack of NOD cell lines with adequate germline transmission competence has hampered precise genetic analysis of the genes that regulate diabetes development [4] . Furthermore, manipulation of the genes in the NOD-derived mouse line as a recipient of human hematopoietic cells and lymphocytes has been difficult. In this study, we established two types of NOD cell lines, both of which transmitted their haplotypes to progeny, namely, GS cells originating from NOD spermatogonia and ES cells obtained by treating NOD blastocysts with 3i. Both cell lines reproducibly exhibited high germline transmission competence in multiple NOD-GS and NOD-ES cell lines. These cell lines now provide the possibility of genetic modification in the NOD mouse genetic background.
Although the NOD mouse strain is considered a nonpermissive strain for ES cell derivation [4] , we found that NOD-GS cells could be efficiently established using standard methods. Therefore, the NOD mouse strain is ''permissive'' for GS cell derivation. Although GS cells are similar to ES cells in several respects (e.g., expression of POU5F1 [27] , the in vitro response to LIF [28] , and conversion into a pluripotent state [27] ), the nonpermissiveness for ES cell derivation does not seem to imply nonpermissiveness for GS cell derivation. These results suggest that establishment of the GS cell line is an effective procedure in this NOD mouse strain and may be applicable in other species. Although findings from recent studies [9] [10] [11] [12] suggest that chemical approaches such as 3i are an effective strategy for generating ES cell lines, their utility in other species has only been shown in rats [9] . In addition, induction of gametogenesis may be easier using GS cells 3 . Genotyping of progeny generated from NOD-GS cells. Five microsatellite markers corresponding to the Idd locus were examined in four progeny developed from NOD oocytes microinjected with male gametes from NOD-GS transplant recipient testes. Progeny generated from these NOD sperm should exhibit a pure NOD genetic background. The progeny were compared with BALB/c nude mice to rule out the possibility that they were derived from the host sperm (BALB/c nu/nu). All of the progeny examined exhibited the NOD genetic background and differed from the BALB/c nude mice. Molecular size markers (bp) are shown to the right.
instead of ES cells, especially in the case of large animals. The xenotransplantation system allowed us to induce spermatogenesis of other species in the mouse [29] , whereas the generation of a chimeric animal would only be a reliable method in inducing gametogenesis from ES cells. The generation of chimeric animals would be difficult in a large animal. The ability to make genetic modifications in the pure NOD genetic background would facilitate precise analysis of type 1 diabetes in vivo without resorting to time-consuming methods using NOD129F1 [4] ES cell lines and multiple backcrossing of the resulting mouse lines onto the NOD mouse. In addition, phenotypes that differed with the backcrossed number have been observed in a NOD congenic strain [30, 31] , as the flanking regions of the inserted or targeted genes are not derived from a NOD genetic background. Genetic manipulation in the pure NOD background via NOD-ES and NOD-GS cells will allow much greater control and reduce the analytic complexity of the experiments. Furthermore, it will facilitate the optimization of humanized mice [3] . The generation of ES cell lines from established humanized mice to date (such as NOD/SCID/IL2rc null mice [32] ) should greatly promote and facilitate additional gene modification in ES cells with previously modified homozygous alleles.
Both of our newly established NOD-GS and NOD-ES cell lines exhibit germline transmission competence and can be used for genetic manipulation of the NOD genetic background. Although the karyotype and pluripotency of the established NOD-ES cells seem to be stable even after prolonged culture, In summary, we have succeeded in deriving GS and ES cell lines from the NOD mouse strain, a strain that has historically been considered nonpermissive for establishing ES cells. Most important, this study is the first demonstration to date of the derivation of a GS cell line from a strain nonpermissive for ES cell derivation. Both cell lines exhibit an ability to transmit their haplotypes to their progeny, providing a novel strategy for genetic modification of the NOD mouse and thus facilitating NOD mouse-based research on type 1 diabetes and the development of humanized mice.
